Details of two-dimensional imaging performed in the central-cell of the GAMMA 10 tandem mirror by using high-speed camera are described. At the GAMMA 10 central-cell midplane, a high-speed camera (MEMRECAM fx-K4, NAC Inc.) was mounted and the shape and the motion of plasmas were precisely investigated. In the standard ion cyclotron range of frequency (ICRF) heated plasmas, gas puffing of hydrogen with short pulse (3-5 ms) close to the central-cell midplane was carried out to illuminate the periphery plasma and the time evolution of visible light emitted from the gas was captured. The Hα line-emission was localized close to the port of gas puffer. In the pellet injection experiments, 2-D images of the ablation light induced by hydrogen ice-pellet injection were successfully captured at the GAMMA 10 central-cell. Analysis of 2-D images clarified that the electron cyclotron heating applied in the central-cell (c-ECH) has a significant influence on the edge plasma turbulence and the ablation of hydrogen ice-pellet.
Introduction
Two-dimensional (2-D) plasma diagnostics with highspeed cameras provides useful information on the edge plasma behavior. The gas puff imaging (GPI) technique with high-speed camera is a powerful method for visualizing the behavior of edge plasmas in 2-D images of visible light emission. In particular, recent development of the performance in high-speed cameras enables us to understand dynamics and detailed behavior of high temperature plasmas in many tokamak devices [1] [2] [3] . In the GAMMA 10 tandem mirror, edge plasma and neutral particle behavior have been investigated by measuring visible light and Hα line-emission together with neutral transport simulation using the DEGAS Monte-Carlo code [4] in order to evaluate the hydrogen recycling and particle balance in the tandem mirror plasmas [5] [6] [7] [8] . In GAMMA 10, 2-D visible image measurements by using two high-speed cameras were started recently based on bi-directional collaboration between Hiroshima and Tsukuba Universities [9] . This collaborative experiments using GPI diagnostic technique clarified the detailed motion of plasma in the GAMMA 10 for the first time. In the latest collaborative work, pellet inauthor's e-mail: nakashma@prc.tsukuba.ac.jp jection was performed in the central-cell and 2-D images of the ablation light induced by hydrogen ice-pellet injection are also successfully captured. In this paper, the results of 2-D imaging obtained with the high-speed camera are precisely presented in GPI and pellet injection experiments and the detailed behavior of periphery plasmas and neutrals is studied in terms of plasma-wall and pellet-plasma interactions.
The GAMMA 10 Device and the Experimental Setup

GAMMA 10
GAMMA10 is a minimum-B anchored tandem mirror with thermal barrier at both end-mirrors [10, 11] . The device consists of an axisymmetric central-mirror cell, anchor-cells with minimum-B configuration produced by baseball coils, and plug/barrier cells with axisymmetric mirrors. In GAMMA 10 plasma is initialized by two plasma guns from both ends and then the main plasma is built up with two ion cyclotron range of frequency (ICRF) waves excited in the central-cell and anchor-cells, respectively. Recently, in order to increase the electron temperature in the central-cell, fundamental electron-cyclotron-heating (ECH) has been started by using a gyrotron microwave generator with 28 GHz and 400 kW. The locations of the west and east sides from the central-cell midplane are defined as positive values and as negative ones, respectively. A fixed limiters is installed in the central-cell near the central-cell midplane (z = +30 cm) with a diameter of 36 cm in order to limit the plasma diameter. Figure 1 shows the cross-section of the GAMMA 10 central-cell and the location of high-speed camera. Hydrogen gas was puffed into the central-cell chamber from the bottom port near the midplane (z = +12 cm). Plasma was observed with a high-speed camera (fx-K4, NAC Inc.) from the horizontal view port in the south side (left side in Fig. 1 ). This camera is capable of capturing 2-D images of 160 × 80 pixels in 60000 frames per second, which is suitable in the experimental condition of GAMMA 10. In this experiment, a measuring parameters of 192 × 144 pixels in 40000 frames per second is also used. A photograph of the interior of the central vacuum chamber viewing from the midplane port is shown at the bottom of Fig. 1 . The central limiter and the exit of the gas puffer are located and the visible emission from gas puffing and ablation light from the ice-pellet can also be observed through the port. Captured 2-D image data are transferred to a PC via optical fiber data-link and monitored by another PC in the control room using the remote-desktop system. Figure 2 shows an example of the time behavior of plasma parameters in the GPI experiment carried out in standard hot ion mode plasmas of GAMMA 10. The plasma is produced by ICRF from 50 ms to 240 ms and GPI is performed in the period of potential confinement by using plug ECH (160.5-170.5 ms). The gas puffing is carried out from the bottom of the central-cell midplane (GP#7) in the period of 163-168 ms. As shown in Fig. 2 (a) , the increase of line density by 20 % and considerable decrease of the diamagnetism caused by the gas puffing are observed, which imply the excess of puffing gas to some extent. During the gas puffing, it is found that Hα line intensity at the midplane (z = −1 cm) increases by a few tens times higher than that before the gas puffing. On the other hand, the Hα intensity 70 cm away from the midplane is smaller by 1/7 times with respect to that of at z = −1 cm, which clearly indicates the localization of hydrogen gas around the exit of gas puffer. In Fig. 3 , the detailed time evolution of measured 2-D images during the gas puffing (t = 165.3 ms to 172 ms) is shown at an interval of 0.25 ms. In this shot, a wide band interference filter including Hα wavelength (λ = 650 nm, ∆λ FWHM ∼ 80 nm) is placed in front of the high-speed camera lens so that the filter may permeate the Hα light entering at a wide-angle. In this range of wavelength it is confirmed that there are no major spectra without Hα emission, which shows that the images mainly due to the Hα line emission. In an initial period of the gas puff (t = 165.325-165.350 ms), a clear localization of visible emission cloud induced by the gas puffing from the bottom port is observed in front of the exit of the gas puffer. As shown in the figure, in the period of illumination (166.6-166.7 ms), a filament-like structure along the line of magnetic force and its motion are revealed in the plasma column. It has been found that this motion is anti-clockwise to the direction of the magnetic field line with the frequency range of 5-8 kHz. After the gas puffing is terminated (t ≥ 169.95 ms), such structure and motion fades away. On the other hand, experiments without C-ECH show that such activities of the plasma turbulence during GPI are significantly small, which indicates that the application of C-ECH may enhance the turbulence in this experimental condition.
High-speed camera system
Experimental Results and Discussion 3.1 Gas puff imaging experiment
Pellet injection experiment
The time evolution of the plasma parameters measured during a pellet injection in the hot ion mode plasma is shown in Fig. 4 . The line density of the central-cell plasma is observed to attain up to 9 × 10 13 cm −2 due to the pellet injection. Hα intensity measured near the injection port (z = −12 cm) increases by more than 100 times compared to the base intensity. Under the same condition, an experiment in which the timing of C-ECH is close to that of pellet injection is conducted. Figure 5 shows the time evolution of 2-D visible images captured at the pellet injection experiment shown in Fig. 4 . In these two shots, the pellet is broken into several fragments in the course of transportation in the guide tube and these images are focused on one piece. In Fig. 5 (a) , each 2-D image is shown from the start of ablation light (156.75 ms) to the time of fading out (157.275 ms) at intervals of 3 frames (0.75 ms). The pellet is injected before the C-ECH pulse (161-201 ms) and no power from C-ECH contributes the pellet ablation in this shot. As shown in the figure, the ablation light traverses the plasma and vanishes near the upper edge of the plasma. This indicates that the pellet passed through the plasma column. It is also confirmed that the ablation light expands along the magnetic field line.
In contrast to the above result, the ablation light with C-ECH disappears in the course of passing the plasma column as shown in Fig. 5 (b) . In the case of C-ECH, electrons are strongly heated and it is recognized that the electron temperature significantly increased. Accordingly it is considered that the enhancement of ablation due to the increase of electron temperature prevents the penetration of the pellet.
In Fig. 6 , the peak values of attained line density are plotted as a function of vanishing point of the pellets on xaxis. In the pellet injection experiments, the density measurement using microwave interferometer is carried out in 3-different position ( = 0, 3 and 6 cm). Data are plotted as a parameter of its position in -axis. From the figure, it is found that no pellets can penetrate far beyond the plasma center in the case with C-ECH. In each -position of the interferometer, there is a noticeable tendency that the deeper penetration of pellets attains the higher line density. In the case with C-ECH, almost the same line density is achieved in the shorter penetration length. The above results predict that the higher plasma density can be achieved by fueling up to the deeper region with large pellets and C-ECH.
Summary
Two-dimensional imaging was performed in the central-cell of the GAMMA 10 tandem mirror by using high-speed camera. The Hα-line emission was localized close to the port of the gas puffer. The filament structure observed in GPI has rotative motion of the frequency 5-8 kHz and is strongly revealed with C-ECH. In the pellet injection experiments, 2-D images of the ablation light induced by hydrogen ice-pellet injection were also successfully captured at the GAMMA 10 central-cell. A strong correlation between the penetration length of the pellet and the attained plasma density is recognized and the effect of C-ECH is also confirmed. These results show clearly the usefulness of 2-D image analyses for guiding principles in high-density tandem mirror experiments.
